Microchannel heatsinks represent a highly efficient and compact method for heat removal in high heat flux components. Excellent thermal performance of a silicon microchannel heatsink has been demonstrated using liquid nitrogen as the coolant. For the heating of a 1 square centimeter area, at a heat dissipation of 500 W, a typical silicon heatsink cooled by liquid nitrogen has a thermal resistance of 0.046 cm20K/W. The actual heatsink structure in this case is only 0. 1 cm high.
Introduction
The microchannel heatsink (MCHS) has been shown to be a very effective structure in minimizing thermal resistance using liquid nitrogen as the coolant1. Using liquid nitrogen as the coolant in silicon microchannel heatsinks takes advantage the order-ofmagnitude increase in the thermal conductivity of silicon at this temperature. A large number of electronic devices possess enhanced operational efficiencies at cryogenic temperatures due to less circuit resistance and signal noise 2• As an example of this microchannel heatsink performance, a 16.2 to 1 aspect ratio structure in silicon was cooled by liquid nitrogen. In this heatsink, the fin and channel widths were equal at 50 p.m each, and with a fin height of 8 10 p.m. The aspect ratio used to characterize the heatsink geometiy is the ratio of the fin height to width. The geometry of the microchannel heatsink with the flow manifold is seen in figures 1 and 2. The channels were sawn into a 0. 1 cm thick wafer. 229 channels were sawn for a flow width of2.3 cm and with a flow length of 1.73 cm. The heated area was 1 cm by 1cm in dimension.
The area of the heated pad was controlled by the sputtering of a 2.3 im thick tungsten siicide layer onto the base of the silicon fm structure. A 1.5 pm thick layer of silicon oxide is used to electrically isolate the silicon from the tungsten siicide. A glass manifold, as shown in figure 2, is reflow bonded to the end of the fins and silicon boundary to complete the coolant channel geometry.
At a liquid nitrogen flow rate of 0.67 1/mm, and at a power level of 500 W, the heatsink had a measured surface temperature rise of 23 °K. By dividing the surface temperature rise by the heat dissipated this defines the thermal resistance of the heatsink as 0.046 cm2°K/W. Figure 3 shows a plot of the measured thermal resistance of a 16:1 heatsink as described. At lower power levels the thermal resistance is seen to rise slightly. In the power dissipation range of 200 to 400 W, an average thermal resistance for this heatsink structure is 0.064 cm20K/Wl.
Using the measured thermal performance of the heatsink as a guide, the heat transfer boundary conditions for the thermal stress analysis of the microchannel device can be derived to predict the temperatures and stress experienced by actual devices mounted on the heatsink surface.
Thermal Gradients in the Fin
For a 17: 1 aspect ratio heatsink cooled by liquid nitrogen, conservatively using the larger low power ( single phase flow ) thermal resistance of 0.046 cm2°K/W, a fin to coolant heat transfer coefficient of 10500 W/m2°K is derived. The derivation of this average heat transfer coefficient is based on a correlation of the Nusselt number with the heatsink geometry 3.
For an optimized silicon heatsink geometry cooled by liquid nitrogen, a much larger aspect ratio is required, on the order of 55:1. For an optimized heatsink of this geometry the assumption of an average, uniform heat transfer coefficient is much less acceptable4. However, for this case, where the aspect ratio is much less than the optimum, and the temperature gradients in the fin have been estimated by finite element analysis, the assumption of a constant heat transfer coefficient down the fin is reasonable.
For this 17:1 aspect ratio heatsink, with the heat transfer coefficient applied as described above, the temperature gradient down the fin was calculated to be 5°K over the 850 p.m length using the thermal finite element code TOPAZ2D5. Figure 4 shows a contour plot of temperature resulting from the analysis. The 32 °K maximum surface temperature rise above the coolant temperature at a power level of 500 W/cm2 from this analysis corresponds well to the experimentally measured thennal resistances in this type of heatsink.
On the basis of on this confirmatory analysis, with the correlation with the experimental results and the small temperature gradients in the fin, using the average heat transfer coefficient over the entire fm surface of 10500 W/m2°K is adequately accurate.
3.0 Thermal Analysis of the Microchannel Heatsink Figure 5 shows the mesh of a silicon chip and substrate mounted on a microchannel heatsink. The 127 p.m thick by 3430 m wide chip is mounted using a thin film of gold, 38 tm thick, to an aluminum nitride substrate. The gold layer represents both the bonding layer and the circuit ground plane. The 500 p.m thick substrate is bonded through a 2.0 j.tm thick gold layer to the top of the heatsink. The heatsink consists of a 150 tm thick base region with 50 p.m fms and channels extending a distance of 850pm. The heatsink and substrate are assumed to extend a considerable distance in the lateral direction, with many chips mounted on the substrate cooled by a single heatsink. The right hand portion of this figure shows the element size while the left hand portion shows the material boundaries. In the analysis only the right hand side is modeled, as it is the smallest symmetric unit of the overall geometry. The glass coolant manifold is not modeled as it makes little contribution to the thermal analysis.
In accordance with the symmetry condition the left and right hand sides in the thermal analysis are adiabatic boundaries. The heat flux which represents the dissipated power of the chip is 1.3*107 W/m2 or 45 W per chip and is assumed to occur at the chip top surface. All the heat is assumed removed at the fin boundaries with a convective heat transfer coefficient of 10500 W/m2°K into liquid nitrogen at 80 °K. The thermophysical material properties, heat capacity and thermal conductivity, are taken from a wide range of references, and are given as a function of temperature where possible. Figure 6 shows the contours of temperature from the fmite element model of the heatsink and chip. This depicts the thermal gradients the chip produces as it operates continuously with liquid nitrogen cooling. The 110 °K maximum chip temperature is near the upper range of its desired operating range.
Operational Thermal Stresses
The thermal field as shown in figure 6 is the input for the subsequent thermal stress finite element analysis using the code NTKE2D6. Of necessity the fmite element meshes are identical. The material properties input include elastic modulus, poisson's ratio and coefficient of thermal expansion for all components. Elastic-plastic or strength properties for the gold are provided as yield stress and hardening modulus, where the silicon and aluminum nitride are strictly elastic.
The left hand side of the model is given the symmetry boundary condition of no displacement in the lateral or y direction. To model the constraint of the glass manifold the displacements in the vertical or z direction at the bottom of the heatsink are set to zero. For comparison, the case where this constraint is removed was also calculated. This stress level is near the assumed yield level of the gold. The maximum effective stress in the silicon chip material adjacent to the high stress region is 4.34 MPa, while in the heatsink this stress component has a maximum value of 2.44 MPa. Figure 8 shows the contours of stress, with the stress normal to the y or lateral direction. Here the maximum stress is in the aluminum nitride at the left boundary of the figure, near the aluminum nitride substrate to silicon heatsink boundary. The y stress here is at 1 1.0 MPa. The larger negative compressive stresses of 50.8 MPa are in the center of the chip near the gold bond layer. The z or vertical direction stresses are typically a factor of ten less, with their maximum occurring near the chip edge.
The corresponding stress levels when the bottom layer of the heatsink is assumed free to move without constraint of the glass manifold are a few percent higher. The effect of the constraint in this case is relatively unimportant in these stress components.
Thermal Stresses Due to Bonding
For calculation of the thermal stresses due to the bonding fabrication step, two temperature states are considered. The first is a uniform temperature in all the materials of 600 °K, the temperature of the substrate to heatsink bond. The second state is a uniform temperature of 77 °K, the lowest temperature for the components at the start of an operational sequence using liquid nitrogen as the coolant This temperature difference with the different coefficients of thermal expansion of the materials is the cause of the thermal stresses due to bonding. Figure 9 shows the contours of maximum shear stress for this case. Here the maximum stresses are in the aluminum nitride near the edge of the gold ground circuit material on the right hand side of the figure at a level of 33.6 MPa. The adjacent A1N substrate material is stressed to a level of 15.3 MPa in a small region, with stress levels lessening rapidly as they spread out from this point. Figure 10 depicts the contours of y stress for the bonding thermal stresses. Here the maximum stresses are in the aluminum nitride near the edge of the gold ground circuit material on the right hand side of the figure at a level of 86.5 MPa. In the adjacent A1N substrate material the stress level is 1 1.2 MPa., while close by in the heatsink the maximum y stress level is 10.8 MPa. The locations of the maximum y stresses from the bonding process are different and relatively far removed from the location of the maximum y stress for the operational thermal stresses.
Combination of the Thermal and Mechanical Stresses and Ajplication of a Failure Theory
Because there is little or no plastic deformation in these stress analyses, they may be elastically superpositioned to consider the combined effect of the operational and bonding thermal stresses. Likewise, the stresses due to internal pressure of the coolant could be superposed, as could the stresses on the heatsink and substrate module due to the clamping forces to hold the module to the inlet and outlet cooling ports. These latter stresses are small under the design conditions (the heatsink is manufactured and attached correctly).
The stresses due to the operational thermal gradients and the bonding cooldown may be simply added in the cases of the direction normal stresses presented because of the superposition principle. The maximum shear stresses must be combined with more care because they represent a difference in the principal normal stresses.
In studying the stresses and deflections due to the bonding and operational thermal stresses it becomes apparent that in general the stress fields tend to cancel each other out. That is, where the y stresses due to the operational thermal gradients are large and positive in the aluminum nitride layer, the y stresses due to the bonding process are small and negative. Combining these two stress states lowers the resulting stresses everywhere it has been examined.
One of the most difficult challenges of the stress analysis is to describe the allowable stress levels which represent failure limit. Because silicon is a brittle material that fractures, and is hence very sensitive to minute flaws, on the order of 10 nanometers in size7, the question of the appropriate stress level implies a knowledge of the distribution of flaws in the structure. But because the flaws are typically beyond the limit ofresolution of non-destructive examination techniques, one must assume an approximate uniform distribution of typical flaws, and measure the load to failure under loading conditions comparable to those in question.
Here two experimental observations are useful in approximating a stress allowable. Flexure tests on notched specimens taken from similar silicon wafers showed an average stress allowable of 140 MPa8. Also, in performing tests to qualify a bond method for connecting the aluminum nitride substrate to a silicon heatsink it was found that at a bonding temperature of 1100 °K failure could occur in the heatsink. A strength of materials calculation for this situation resulted in a silicon stress failure level of 90 MPa.
In these analyses, the stresses in the silicon are much less than this allowable. The stress allowable for the aluminum nitride is taken to be 290 MPa9. The failure of the gold is defined by a deformation limit not reached in this type of bonding conditions.
Conclusions
The temperature fields present in microchannel heatsinks using single phase fluids as the cooling media are beginning to be well understood. There is a wide range of analytical tools and experimental data to support this conclusion. The very important work to understand thoroughly the thermal and mechanical stresses in microchannel heatsinks due to the operating thermal gradients and manufacturing cooldown has begun. The aim of this work is to increase the reliability of microchannel heatsinks and insure a their widespread use in high heat flux applications. BBE-04 øøC'ø4 
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